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Design Optimization for
Structural-Acoustic Problems
Using FEA-BEA With Adjoint
Variable Method
A noise-vibration-harshness (NVH) design optimization of a complex vehicle structu
presented using finite element and boundary element analyses. The steady-state d
behavior of the vehicle is calculated from the frequency response finite element ana
while the sound pressure level within the acoustic cavity is calculated from the boun
element analysis. A reverse solution process is employed for the design sensitivity
lation using the adjoint variable method. The adjoint load is obtained from the acou
boundary element re-analysis, while the adjoint solution is calculated from the struc
dynamic re-analysis. The evaluation of pressure sensitivity only involves a nume
integration process over the structural part where the design variable is defined. A d
optimization problem is formulated and solved, where the structural weight is red
while the noise level in the passenger compartment is lowered.
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1 Introduction

The design of a vehicle with high ride quality draws attenti
of engineers increasingly due to the customer’s preference. E
cially, the structural-acoustic performance of a passenger veh
becomes an important issue in the design process. The purpo
this paper is to show feasibility of design optimization to min
mize the vehicle’s weight subjected to the structural-acoustic c
straints. Many numerical methods have been developed to s
late the structural-acoustic performance of a passenger veh
The finite element method@1#, the boundary element method@2#,
the statistical energy analysis@3,4#, and the energy flow analysi
@5–7# are a short list of methods that can be used for the purp
Different methods must be used based on the design interest
example, the finite element analysis~FEA! and boundary elemen
analysis~BEA! can be used for simulation in the low-frequen
range, while the statistical energy analysis and energy flow an
sis can be used for the high-frequency range. In this paper,
former methods are employed to simulate the vehicle’s structu
acoustic performance in the 1–100 Hz frequency range. A c
mercial finite element code MSC/NASTRAN@8# is used to simu-
late the frequency response of the vehicle structure, whil
boundary element code COMET/ACOUSTICS@9# is used to cal-
culate the sound pressure level in the cabin compartment base
the velocity information obtained from the finite element cod
That is, the simulation procedure is sequential and uncoup
based on the assumption that the vibration of the air does
contribute to the structural vibration.

Many research results@10–18# have been published in desig
sensitivity analysis~DSA! of structural-acoustic problems usin
FEA and BEA. While the direct differentiation method in DS
follows the same solution process as the response analysis
adjoint variable method follows a reverse process. One of
challenges of the adjoint variable method in sequential acou
analysis is how to formulate this reverse process. The seque
adjoint variable method with a reverse solution process develo
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by Kim et al.@19,20# is used, in which the adjoint load is obtaine
from boundary element re-analysis, and the adjoint variable
calculated from structural dynamic reanalysis.

For NVH design optimization, design parameterization, des
sensitivity analysis, and design optimization algorithms need to
integrated. The Design Sensitivity Analysis and Optimizati
~DSO! Tool @21# developed at the Center for Computer-Aide
Design at the University of Iowa is used as an integrating en
ronment in this paper. The graphic user interface in DSO allo
the design engineers to carry out design parameterizat
structural-acoustic analysis, design sensitivity analysis, and de
optimization.

The proposed sequential structural-acoustic analysis and D
using the adjoint variable method are applied to the optimizat
of a next generation concept vehicle model, by which the veh
weight is minimized while the sound pressure level is constrain
A design optimization problem is formulated and solved, whe
the structural weight is reduced while the noise level in the p
senger compartment is lowered.

2 Structural-Acoustic Analysis

2.1 Frequency Response Analysis.The steady-state re
sponse of a structure under the harmonic loadf~x! with frequency
v can be written as

2v2rz~x!1 j vCz~x!1Lz~x!5f~x!, xPVS (1)

whereVS is the structural domain,z~x! is the complex displace-
ment,L is the linear partial differential operator,r~x! is the mass
density, andC is the viscous damping effect.

For the variational formulation, since the complex variablez~x!
is used for the state variable, the complex conjugatez̄* is used for
the variation of the state variable. By multiplying Eq.~1! with z̄*
and integrating it over the structural domainVS, the variational
equation can be derived after integration by parts for the differ
tial operatorL as

er
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@2v2rzT1 j vCzT# z̄* dVS1E E
VS

s~z!T«~ z̄* !dVS

5E E
VS

f bT z̄* dVS1E
Gs

f sT z̄* dG, ; z̄PZ (2)

wherez̄* is the complex conjugate of the kinematically admissib
virtual displacementz̄, andZ is the complex space of kinemat
cally admissible virtual displacements. Equation~2! provides the
variational equation of the dynamic frequency response unde
oscillating excitation with frequencyv. For simplification of no-
tation, the following terms are defined:

du~z,z̄!5E E
VS

rzT z̄* dVS (3)

cu~z,z̄!5E E
VS

CzT z̄* dVS (4)

au~z,z̄!5E E
VS

s~z!T«~ z̄* !dVS (5)

,u~ z̄!5E E
VS

f bT z̄* dVS1E
Gs

f sT z̄* dG (6)

wheredu(",") is the sesqui-linear kinetic energy form,cu(",") is
the sesqui-linear damping form;au(",") is the sesqui-linear strain
energy form, and,u(") is the semi-linear load form. The defin
tions of the sesqui-linear and semi-linear forms can be found
Horvath @23#.

Since the structure-induced pressure within the acoustic dom
is related to the velocity of the structural response, it is conven
to transfer the displacement to the velocity using the follow
relation:

v~x!5 j vz~x! (7)

By using Eqs.~2!–~7!, the variational equation of the frequenc
response problem can be obtained as

j vdu~v,z̄!1cu~v,z̄!1
1

j v
au~v,z̄!5,u~ z̄!, ; z̄PZ (8)

The structural damping, a variant of the viscous damping
caused either by internal material friction or by connectio
among structural components. It has been experimentally
served that for each cycle of vibration, the dissipated energy of
material is proportional to the displacement@24#. When the damp-
ing coefficient is small as in the case of structures, dampin
primarily effective at those frequencies close to the resona
The variational equation with the structural damping effect is

j vdu~v,z̄!1kau~v,z̄!5,u~ z̄!, ; z̄PZ (9)

where k5(11 j f)/ j v and f is the structural damping coeffi
cient. After the structure is discretized using finite elements,
kinematic boundary conditions are applied, the following syst
of matrix equations is obtained:

@ j vM1kK #$v~v!%5$f~v!% (10)

where@M # is the mass matrix and@K # is the stiffness matrix.

2.2 Acoustic Boundary Element Analysis. Together with
the structural velocity results, BEA is used to evaluate press
response in the acoustic domain. In simplified notation,
boundary integral equation of the acoustic problem can be wri
as

b~x0 ;v!1e~x0 ;pS!5ap~x0! (11)

where b(x0 ;") and e(x0 ;") are linear integral forms that corre
spond to contributions from the surface velocity and surface p
sure respectively. The constanta is equal to 1 forx0 inside the
acoustic volume, 0.5 forx0 on a smooth boundary surface, and
528 Õ Vol. 126, MAY 2004
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for x0 outside the acoustic volume. Note that Eq.~11! can provide
a solution for both radiation and interior acoustic problems. U
like the energy forms in Eqs.~3!–~6!, these integral forms are
independent of the structural sizing design variable; thus no s
scriptionu is used in their definitions.

The BEA is done in two steps: first evaluating the pressure
the acoustic boundary using the structural velocity, and then
culating the pressure within the acoustic domain using the bou
ary pressure information. Suppose the acoustic boundaryS is ap-
proximated byN number of nodes. If observation pointx0 is
located at every boundary node, then the following linear sys
of equations is obtained from Eq.~11!:

@A#$pS%5@B#$v% (12)

where$pS%5$p1 ,p2 , . . . ,pN%T is the nodal pressure vector,$v% is
the 3N31 velocity vector,@A# is the N3N coefficient matrix,
and @B# is theN33N coefficient matrix. Note that these vecto
and matrices are all complex variables. The process of compu
the boundary pressure$pS% assumes domain discretization, an
the condition in Eq.~11! is imposed in every node. However, fo
the purpose of DSA, let us consider a continuous counterpa
Eq. ~12!, defined as

A~pS!5B~v! (13)

where the integral formsA(") andB(") correspond to the matrice
@A# and @B# in Eq. ~12!, respectively. The boundary pressure c
then be calculated frompS5A21+B(v). Once$pS% has been com-
puted, Eq.~11! can be used to compute the acoustic pressur
any pointx0 within the acoustic domain in the form of a vecto
equation as

p~x0!5$b~x0!%T$v%1$e~x0!%T$pS% (14)

where$b(x0)% and$e(x0)% are the column vectors that correspon
to the left-hand side of the boundary integral Eq.~11!.

In the sizing design problem, in which panel thickness is
design variable, integral formsb(x0 ;") ande(x0 ;") in Eq. ~11! are
independent of the design variable. Only implicit dependence
the design exists through the state variablesv andpS , which will
be developed in the following section. However, in the shape
sign problem, the acoustic domain changes according to the s
tural domain change, which is a design variable. Thus, integ
forms b(x0 ;") ande(x0 ;") will depend on the design.

3 Design Sensitivity Analysis
The purpose of DSA is to compute the dependency of per

mance measures on the design. In this study, only sizing des
such as the thickness of a plate and the cross-sectional dimen
of a beam, is considered.

3.1 Direct Differentiation Method. The direct differentia-
tion method computes the variation of state variables by differ
tiating the state Eqs.~9! and~11! with respect to the design. Let u
first consider the structural part, i.e., the frequency respo
analysis in Eq.~9!. The forms that appear in Eq.~9! explicitly
depend on the design, and their variations are defined as

ddu8 ~v,z̄![
d

dt
@du1tdu~ ṽ,z̄!#U

t50

(15)

adu8 ~v,z̄![
d

dt
@au1tdu~ ṽ,z̄!#U

t50

(16)

,du8 ~ z̄![
d

dt
@,u1tdu~ z̄!#U

t50

(17)

where ṽ denotes the state variablev with the dependence ont
being suppressed, andz̄ and its complex conjugate are indepe
dent of the design. The detailed expressions ofddu8 (","),
adu8 (","), and,du8 (") can be found in Kim et al.@19#.
Transactions of the ASME



b

-

e

o

t

r
f

i

-

n
a
v

o
u

e

e
bsti-

rete

o a
ne

en
t so-
he
d,
nse

into
ele-
their

for

e

Thus, by taking a variation of both sides of Eq.~9! with respect to
the design, and by moving explicitly dependent terms on the
sign to the right side, the following sensitivity equation can
obtained:

j vdu~v8,z̄!1kau~v8,z̄!5,du8 ~ z̄!2 j vddu8 ~v,z̄!2kadu8 ~v,z̄!,

; z̄PZ (18)

Presuming that the velocityv is given as a solution to Eq.~9!,
Eq. ~18! is a variational equation, with the same sesqui-line
forms for displacement variationv8. Note that the stiffness matri
ces corresponding to Eqs.~9! and ~18! are the same, and that th
right side of Eq.~18! can be considered a fictitious load term. If
design perturbationd u is defined, and if the right side of Eq.~18!
is evaluated with the solution of Eq.~9!, then Eq.~18! can be
numerically solved to obtainv8 using FEA. By interpreting the
right side of Eq.~18! as another load form, Eq.~18! can be solved
by using the same solution process as the frequency resp
problem in Eq.~9!.

Next the acoustic aspect will be considered, which is rep
sented by the boundary integral Eq.~11!. A direct differentiation
of Eq. ~11! yields the following sensitivity equation:

b~x0 ;v8!1e~x0 ;pS8!5ap8~x0! (19)

Since integral formsb(x0 ;") and e(x0 ;") are independent of the
design, the above equation has exactly the same form as Eq.~11!.
Thus, using the solutionv8 from the structural sensitivity Eq.~18!,
Eq. ~19! can be solved by following the same solution process
BEA, to obtain the pressure sensitivity result. Thus, like Eq.~12!,
the following matrix equation has to be solved in the discr
system:

@A#$pS8%5@B#$v8% (20)

And then, like Eq.~14!, the pressure sensitivity at pointx0 can be
obtained from

p8~x0!5$b~x0!%T$v8%1$e~x0!%T$pS8% (21)

This sensitivity calculation process is the same as the BEA s
tion process described from Eq.~12! to Eq. ~14!.

Consider a performance measure that is defined at poinx0
within the acoustic domain as

c~x0!5h~p~x0!,u! (22)

where the functionh(p,u) is assumed to be continuously diffe
entiable with respect to its arguments. The variation of the per
mance measure with respect to the design variable becomes

c85
d

dt
@h~p~x;u1tdu!,u1tdu!#U

t50

5h,pp81h,u
T du

(23)

whereh,p5]h/]p andh,u5]h/]u can be obtained from the defi
nition of the functionh. Thus, from the solution to the acoust
design sensitivity Eq.~19!, the sensitivity ofc can readily be
calculated. However, the calculation ofp8 also requires the solu
tion to the structural sensitivity Eq.~18!.

3.2 Adjoint Variable Method. Since the number of desig
variables is larger than the number of active constraints in m
optimization problems, the adjoint variable method is attracti
Although the adjoint variable method is known to be limited to
symmetric operator problem, in this section, it is further extend
to non-symmetric complex operator problems. Since the adj
variable method is directly related to the performance meas
the structural and acoustic performance measures are treated
rately. In case of the acoustic performance measure, a seque
adjoint variable method is introduced.

The acoustic performance measurec in Eq. ~22! is defined at
point x0 , and its sensitivity expression in Eq.~23! containsp8,
which has to be explicitly expressed in terms ofd u. The objective
Journal of Mechanical Design
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is to expressp8 in terms ofv8 such that an adjoint problem can b
defined. By substituting the relation in Eq.~19! into the sensitivity
expression of Eq.~23!, and by using the relation in Eq.~13!, we
obtain

c85h,u
T du1h,pp85h,u

T du1h,p@b~x0 ;v8!1e~x0 ;A21+B~v8!!#
(24)

In Eq. ~24!, a51 is used sincex0 is the interior point. Thus,c8 is
expressed in terms ofv8. The second term on the right side of th
above equation can be used to define the adjoint load by su
tuting l̄ for v8. Hence, the following form of the adjoint problem
is obtained:

j vdu~ l̄,l!1kau~ l̄,l!5h,p@b~x0 ;l̄!1e~x0 ;A21+B~ l̄!!#,

;l̄PZ (25)

where an adjoint solutionl* is desired. After calculatingl* , the
sensitivity ofc can be obtained using Eq.~18!, as

c85h,udu1,du8 ~l!2 j vddu8 ~v,l!2kadu8 ~v,l! (26)

It is interesting to note that even ifc is a function of pressurep, its
sensitivity expression in Eq.~26! does not require the value ofp;
only the structural solutionv and the adjoint solutionl* are re-
quired in the calculation ofc8.

Consider a discrete form of the adjoint load. Equation~25! can
be written in the discrete system as

@ j vM1kK #$l* %5h,p@$b%1@B#T@A#2T$e%# (27)

where the right side corresponds to the adjoint load in the disc
system. Ifh5p(x0), the pressure at a pointx0 , thenh,p in Eq.
~27! will represent Dirac-Delta measure, which corresponds t
point load. Instead of computing the inverse matrix, let us defi
an acoustic adjoint problem in BEA as

@A#T$h%5$e% (28)

where the acoustic adjoint solution$h% is desired. Even though the
coefficient matrix@A# is not symmetric, the adjoint Eq.~28! can
still use the factorized matrix of the BEA Eq.~12!. By substituting
$h% into Eq. ~27!, we obtain the structural adjoint problem as

@ j vM1kK #$l* %5h,p@$b%1@B#T$h%# (29)

Note that the acoustic adjoint solution$h%, which is obtained from
BEA, is required to compute the structural adjoint load, and th
frequency response re-analysis provides the structural adjoin
lution $l* %. Thus, two different adjoint problems are defined: t
first is similar to BEA, and is used to compute the adjoint loa
while the second is similar to the structural frequency-respo
FEA.

3.3 Numerical Method. The variational equation of the
harmonic motion of a continuum model, Eq.~9!, can be reduced
to a set of linear algebraic equations by discretizing the model
elements using FEA. It is assumed that the structural finite
ment and the acoustic boundary element meshes match at
interfaces. The acoustic pressurep(x) and structural velocityv~x!
are approximated using shape functions and nodal variables
each element in the discretized model as

v~x!5Ns~x!ve

p~x!5Na~x!peJ (30)

whereNs(x) and Na(x) are matrices of shape functions for th
velocity and pressure, respectively, andve andpe are the element
nodal variable vectors. Substituting Eq.~30! into Eq. ~9! and car-
rying out integration yields the same matrix equation as Eq.~10!,
rewritten here

@ j vM1kK #$v~v!%5$f~v!% (31)
MAY 2004, Vol. 126 Õ 529
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After obtaining the structural velocity, BEA is used to evaluate
pressure response on the boundary, as well as within the aco
domain, as described in Section 2.2.

Figure 1 shows the computational procedure for the adjo
variable method with a structural FEA and an acoustic BEA co
Even though FEA and BEA are used to evaluate the acou
performance measure, only the structural responsev is required to
perform DSA. The adjoint load is calculated from the transpo
BEA, and the adjoint equations are then numerically solved us
the FEA code with the same finite element model used for
original structural analysis. Numerical solutions are used to co
pute the design sensitivity, and the integration of the design s
sitivity expressions in Eq.~26! can be evaluated using a numeric
integration method, such as the Gauss quadrature method@1#. The
integrands are functions of the state variable, the adjoint varia
and gradients of both variables.

4 Design Optimization
For structural-acoustic problem, the sequential FEA-B

analysis calculates the performance measure~noise and vibration!,
and the adjoint variable method for DSA calculates the sensiti
of the performance measure. This information is utilized by
optimization program to search for the optimum design.

4.1 Optimization Procedure for a Sequential Structural-
Acoustic Problem. The gradient-based optimization algorithm
are commonly used in engineering design and optimization.
performance measure and its sensitivity are required for
gradient-based optimization process. Figure 1 shows the com
tational procedure for the optimization of the sequential structu
acoustic problem using a gradient-based optimization algorit
Once the design variable, cost function, and design constraint
defined, the proposed sequential FEA-BEA and reverse ad
variable DSA method are employed to compute the performa
measure and their sensitivity, which will be input to the optimiz
tion program to search for the optimum design. The process
loop until an optimum design is achieved.

4.2 Numerical Example—NVH Optimization of a Com-
plex Vehicle Structure. One of important applications of th
proposed method is structure-borne noise reduction of a veh
Figure 2 shows finite element and boundary element models
next generation hydraulic hybrid vehicle@19#. In addition to the
powertrain vibration and wheel/terrain interaction, the hydrau
pump is a source of vibration, considered as a harmonic exc

Fig. 1 Computational procedure of FEA-BEA optimization
530 Õ Vol. 126, MAY 2004
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tion. Because of this additional source of excitation, vibration a
noise is more significant than with a conventional powertrain. T
object of the design optimization is to minimize the vehic
weight as well as maintaining noise and vibration at the drive
ear position to the desirable levels.

From the powertrain analysis and rigid body dynamic analy
the harmonic excitations at twelve locations are obtained. F
quency response analysis is carried out on the structural FE m
using MSC/NASTRAN to obtain the velocity response, corr
sponding to the frequency range up to 100 Hz. COME
ACOUSTICS@9# is employed to obtain the acoustic pressure p
formance measure in the acoustic domain as shown in Fig
Once the acoustic performance measure and sensitivity infor
tion are obtained according to the procedure illustrated in Fig
the sequential quadratic programming algorithm in DOT~Design
Optimization Tool! @22# is used to search for the optimum desig

4.2.1 FEA-BEA NVH Analysis and Adjoint Design Sensitiv
Analysis of the Vehicle.The sequential FEA-BEA analysis i
performed on the vehicle model. In this example, the noise le
at the passenger compartment is chosen as the performance
sure, and vehicle panel thicknesses are chosen as design vari
The sound pressure level frequency response up to 100 Hz a
driver’s ear position is obtained and illustrated in Fig. 3 and
numerical results at selected frequencies are shown in Table

The highest sound pressure level occurs at 93.6 Hz, whic
the first acoustic resonant mode under 100 Hz. Figure 4 shows
sound pressure level distribution inside the cabin compartmen
this frequency. The sound pressure level at the driver’s ear p
tion is 77.78 dB. Design modification is carried out mainly focu
ing on reducing the peak noise level in the neighborhood of
frequency.

The vehicle structure is divided into forty different pane
whose thicknesses are selected as design variables in this

Fig. 2 Vehicle structure FE model and acoustic BE model of
the cabin part

Fig. 3 Sound pressure level „SPL… frequency response at
driver’s ear position „at initial design …
Transactions of the ASME
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ample. In order to carry out DSA, the acoustic adjoint problem
Eq. ~28! and the structural adjoint problem in Eq.~29! are solved
to obtain the adjoint responsel* . Using the original velocity re-
sponsev and the adjoint responsel* , the numerical integration o
Eq. ~26! is carried out to calculate the sensitivity for each stru
tural panel, as shown in Table 2. The sensitivity contributio
from all panels are normalized in order to compare the rela
magnitude of the design sensitivity. The results indicate tha
thickness change in the chassis component has the greatest p
tial for achieving reduction in the sound pressure level. Since
numerical integration process is carried out on each finite elem
the element sensitivity information can be obtained without a
additional effort. Figure 5 plots the sensitivity contribution fro
each element to the sound pressure level. Such graphic-based
sitivity information is very helpful for the design engineer to d
termine a desirable direction of design modification.

4.2.2 Optimization of the Vehicle Model.The design optimi-
zation problem is to search a design with minimum weight, wh
the noise level at the driver’s ear position can be controlled t

Table 1 Sound pressure levels at driver’s ear position at se-
lected frequencies

Frequency~Hz!
Pressure

~kg/mm•sec2!
Phase Angle

~degree!

7.1 0.78747E204 247.53
10.8 0.22699E202 211.33
11.2 0.31111E202 129.66
23.7 0.20014E203 282.12
30.7 0.95681E204 271.96
39.0 0.10764E203 253.43
47.3 0.64318E204 66.916
57.4 0.79145E204 101.45
59.2 0.36350E203 16.567
67.0 0.14299E203 226.53
81.8 0.41087E203 264.22
93.6 0.71486E201 64.267

Fig. 4 Sound pressure plot at 93.6 Hz: 77.78 dB at driver’s ear
position „at initial design …

Table 2 Normalized sound pressure sensitivity w.r.t. panel
thickness

Component Sensitivity Component Sensitivit

Chassis 21.0 Chassis MTG 20.11
Left wheelhouse 20.82 Chassis connectors 20.10
Right door 0.73 Right fender 20.07
Cabin 20.35 Left door 20.06
Right wheelhouse 20.25 Bumper 20.03
Bed 20.19 Rear glass 0.03
Journal of Mechanical Design
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desirable level. The weight~mass! of the vehicle is chosen as th
objective function and the sound pressure level at the driver’s
position is chosen as a design constraint. The sound pressure
of 65.0 dB, which is 12.78 db less than the maximum sou
pressure level~SPL! at the initial design and equivalent to mor
than 75% noise reduction, is used as design constraints.

Although, the maximum sound pressure occurs at 93.6 Hz
the initial design, the frequency where the maximum press
occurs may shift during design process. However, it is difficult
constrain all continuous frequency ranges. Thus, a fixed se
discrete frequencies is chosen in order to evaluate the sound
sure level. Since the most significant acoustic resonance oc
around 93.6 Hz, a total of eleven equally distributed frequenc
in the neighborhood of 93.6 Hz are chosen to evaluate the so
pressure level during design optimization.

Among the forty design variables that are used to calculate
design sensitivity information, ten design variables are selecte
change during design optimization because some of panel th
nesses are difficult to change for design purposes and som
them are related to the vehicle’s dynamic performance. Ten
lected design variables are panel thicknesses of Chassis, Fe
Left, Fender-Right, Wheelhouse-Left, Wheelhouse-Right, Cab
Door-Left, Door-Right, Chassis-Conn, and Chassis-MTG, wh
significantly contribute to the sound and vibration level inside
cabin. The design space is chosen such that each design va
can change up to650%. Accordingly, the design optimizatio
problem is formulated as

Minimize Cost Functionc(u)5mass
Subject to Design Constraints

gi5p~u, f i !265.0<0, i 51, . . . ,11

0.5 u0<u<1.5u0

f i5~93.21 i 30.1! Hz

Design Variables:u5@h1 ,h2 , . . . ,h10#
T

Table 3 Optimum design result

Design Variable
Initial
Design

Optimum
Design

x1 ~Chassis! 3.137 1.568500
x2 ~Fender-Left! 0.800 0.400200
x3 ~Fender-Right! 0.800 0.400200
x4 ~Wheelhouse-Left! 0.696 0.348000
x5 ~Wheelhouse-Right! 0.696 0.368218
x6 ~Cabin! 2.500 1.250080
x7 ~Door-Left! 1.240 1.859970
x8 ~Door-Right! 1.240 0.620000
x9 ~Chassis-Conn! 3.611 1.805500
x10 ~Chassis-MTG! 3.000 1.500000

Fig. 5 Element design sensitivity plot w.r.t. panel thickness
MAY 2004, Vol. 126 Õ 531
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The design optimization procedure illustrated in Fig. 1 is c
ried out. A seamless integration between FEA, BEA, sensitiv
module, and optimization module is critical in an automated
sign process. MSC/NASTRAN is used for frequency respo
FEA, while COMET/ACOUSTICS is used for the acoustic BE
The design sensitivity information is calculated from the Des
Sensitivity Analysis and Optimization~DSO! Tool @21#. A sequen-
tial quadratic programming algorithm in DOT is used for desi
optimization. The optimization problem is converged after fi
design iterations. A total of 15 response analyses and five de
sensitivity analyses have been performed during design optim
tion. Table 3 compares the design variables between the initial
optimum designs.

Figure 6 illustrates the design variable history during optimi
tion. It is observed that all the design variables are decrease
reach the lower bound except one of them, the left door, wh
increased to the upper limit. Table 4 and Fig. 7 show the hist
of the cost function. The total mass of the vehicle is reduced fr
1705.834 Kg to 1527.182 Kg, which is 178.652 Kg reducin
while the design constraints are satisfied. Figure 8 shows
sound pressure distribution inside the cabin before and a
optimization.

Figure 9 plots the change of the sound pressure level at
driver’s ear position for the frequency range from 93.3 to 94.3
during the optimization process. At the optimum design, the p
noise level is reduced to 65.0 dB, a total amount of 12.78
reduction. Note that the frequency, at which the maximum so
pressure appears, is shifted from 93.6 Hz to 93.7 Hz. Howe
this is not due to the shift of the acoustic resonant mode.
acoustic resonant mode still remains unchanged because o
same geometry of the acoustic space. This indicates that the
rect acoustic resonant frequency should be in-between 93.6
93.7 Hz. However, the selected design constraints are b
enough to cover the frequency range where the maximum n
level would occur.

Fig. 6 Design variable history

Table 4 History of cost function and design constraints

History
Cost Function
~Mass, ton!

Design Constraint
g4 (dB) at
f 593.6 Hz

Design Constraint
g5 (dB) at
f 593.7 Hz

Initial Design 1.705834 77.780 76.318
Iteration 1 1.610563 80.473 77.825
Iteration 2 1.751358 71.247 69.662
Iteration 3 1.527082 66.185 67.307
Iteration 4 1.527182 62.586 65.000
Iteration 5
~Optimum!

1.527182 62.586 65.000
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r-
ity
e-
se
.

gn

n
e

sign
iza-
and

a-
d to
ich
ory
om
g,
the
fter

the
Hz
ak

dB
nd
er,
he

f the
cor-
and
oad
ise

However, since the selected design constraints do not cove
entire frequency range, concern may arise that, while the p
noise level around 93.6 Hz is reduced, some other undesir
noises may occur at other frequencies. In order to check,
sound pressure levels at all frequencies below 100 Hz at the
timum design are computed and compared with initial design
plotted in Fig. 10. The result indicates that the noise level at
frequency range is maintained under the constraint value.

Fig. 7 Cost function history

Fig. 8 Acoustic pressure distribution inside cabin „initial de-
sign at 93.6 Hz and optimum design at 93.7 Hz …
Transactions of the ASME
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though the sound pressure levels at some other frequencie
creased, the value is still within the constraint limit. On the oth
hand, proper selection of constraints is effective and computat
ally efficient.

5 Conclusions
Under the assumption that acoustic behavior does not influe

structural behavior, design sensitivity analysis and optimization
a sequential structural-acoustic problem is presented using F
BEA. In the adjoint variable method, a reverse sequential adj
problem is formulated, in which the adjoint load is calculated
solving a boundary adjoint problem and the adjoint solution
calculated from a structural adjoint problem. Design optimizat
based on the sequential FEA-BEA analysis and reverse ad
variable DSA method is carried out on a concept vehicle struc
with satisfactory results, by reducing the noise level at the driv
ear position significantly while lowering the weight considerab

Fig. 9 Design constraints history in the frequency range be-
tween 93.3 and 94.3 Hz

Fig. 10 Sound pressure level frequency response at driver’s
ear position „initial design and optimum design …
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